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(57) ABSTRACT

A negative electrode active material mainly contains silicon
and silicon oxide. In the negative electrode active material, an
Ar-laser Raman spectrum thereof includes a peak A corre-
sponding to 95030 cm™! and a peak B corresponding to
480x30 cm™, and an intensity ratio of the peak B to the peak
A (B/A) is in the range of 1 to 10.

7 Claims, 2 Drawing Sheets
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NEGATIVE ELECTRODE ACTIVE
MATERIAL, ELECTRODE CONTAINING THE
SAME, AND LITHIUM ION SECONDARY
BATTERY HAVING THE ELECTRODE

BACKGROUND

1. Technical Field

The present disclosure relates to a negative electrode active
material, an electrode containing the negative electrode active
material, and a lithium ion secondary battery having the elec-
trode.

2. Related Art

Lithium ion secondary batteries are lighter in weight and
higher in capacity than nickel-cadmium batteries, nickel-
metal hydride batteries, and the like. The lithium ion second-
ary battery has been therefore widely used as a power source
for a mobile electronic appliance. Further, as the mobile elec-
tronic appliances decrease in size and increase in functional-
ity in recent years, the lithium ion secondary battery has been
expected to have further higher capacity. Not just for the
mobile electronic appliances, furthermore, the high-capacity
lithium ion secondary battery has been a strong candidate as
apower source to be mounted on a hybrid vehicle, an electric
vehicle, or the like.

The capacity of the lithium ion secondary battery mainly
depends on an active material of an electrode. In general, for
example, a negative electrode active material contains graph-
ite. However, for meeting the above demand, a negative elec-
trode active material with higher capacity has been desired.
Therefore, silicon has attracted attention as a material for the
negative electrode active material. Silicon has much higher
theoretical capacity (4210 mAh/g) than the theoretical capac-
ity (372 mAh/g) of graphite.

In a negative electrode active material including a mixture
of silicon and silicon oxide, the stress caused by expansion
and shrinkage of silicon during charging and discharging is
relaxed by silicon oxide. The mixture is therefore considered
to have superior cycle characteristics to silicon. However, the
mixture of silicon and silicon oxide has poor electric conduc-
tivity. As a result, when the current density during discharging
is high relative to the battery capacity, the use of this mixture
as the negative electrode active material causes a significant
decrease in discharge capacity. On the other hand, the power
source for a hybrid vehicle and an electric vehicle is desired to
have high discharge capacity at high rate. Therefore, the use
of'this mixture as the material of the negative electrode active
material of such a power source has a problem.

JP-A-2001-15101 and JP-A-2004-55505 suggest tech-
niques of covering silicon and silicon oxide with carbon in
order to increase the discharge capacity at high rate. However,
in the techniques disclosed in these documents, a surface of
the negative electrode active material is mostly covered with
carbon, so that the contact area between the negative elec-
trode active material and an electrolyte solution becomes
small. Hence, these techniques fail to increase the discharge
capacity at high rate sufficiently.

SUMMARY

A negative electrode active material mainly contains sili-
con and silicon oxide. In the negative electrode active mate-
rial, an Ar-laser Raman spectrum thereof includes a peak A
corresponding to 950£30 cm™" and a peak B corresponding to
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480x30 cm™, and an intensity ratio of the peak B to the peak
A (B/A) is in the range of 1 to 10.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic cross-sectional view of a lithium ion
secondary battery according to an embodiment of the present
disclosure.

FIG. 2 is a Raman spectrum of a negative electrode active
material according to an embodiment of the present disclo-
sure.

DETAILED DESCRIPTION

In the following detailed description, for purpose of expla-
nation, numerous specific details are set forth in order to
provide a thorough understanding of the disclosed embodi-
ments. [t will be apparent, however, that one or more embodi-
ments may be practiced without these specific details. Inother
instances, well-known structures and devices are schemati-
cally shown in order to simplify the drawing.

An object of the present disclosure is to provide a negative
electrode active material with sufficiently high capacity even
at high rate, an electrode containing the negative electrode
active material, and a lithium ion secondary battery having
the electrode.

A negative electrode active material according to the
present disclosure (present negative electrode active mate-
rial) mainly contains silicon and silicon oxide. An Ar-laser
Raman spectrum of the present negative electrode active
material includes a peak A corresponding to 95030 cm™" and
apeak B corresponding to 48030 cm™! and the intensity ratio
of'the peak B to the peak A (B/A) is in the range of 1 to 10.

The present negative electrode active material having such
a structure can maintain high strength and suppress excessive
cross-linking between silicon and oxygen in the negative
electrode active material. Moreover, the present negative
electrode active material can have sufficient diffusion paths
for lithium and sufficiently high discharge capacity at high
rate.

A negative electrode according to the present disclosure
contains the present negative electrode active material. There-
fore, this negative electrode can have sufficiently high dis-
charge capacity at high rate.

A lithium ion secondary battery according to the present
disclosure has the aforementioned negative electrode. Thus,
this secondary battery can have sufficiently high discharge
capacity at high rate.

According to the present disclosure, the negative electrode
active material having sufficiently high discharge capacity at
high rate, the electrode containing the negative electrode
active material, and the lithium ion secondary battery having
the electrode can be provided.

A preferred embodiment of the present disclosure is here-
inafter described with reference to drawings. Note that the
present disclosure is not limited to the following embodi-
ment. Moreover, the components described below include
components that can be easily conceived by those skilled in
the art and components that are substantially the same as
those components. Furthermore, the components described
below can be combined with one another as appropriate.

As depicted in FIG. 1, a lithium ion secondary battery 100
mainly includes a laminate 30, a case 50, a pair of leads 60 and
62 connected to the laminate 30, and an electrolyte solution
containing lithium ions. The case 50 houses the laminate 30
and the electrolyte solution in a sealed state.
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The laminate 30 includes a positive electrode 10, a negative
electrode 20 facing the positive electrode 10, and a separator
18. The separator 18 is held between the positive electrode 10
and the negative electrode 20 in contact with a main plane of
the positive electrode 10 and a main plane of the negative
electrode 20.

The positive electrode 10 includes a positive electrode
current collector 12, and a positive electrode active material
layer 14 formed on the positive electrode current collector 12.
The negative electrode 20 includes a negative electrode cur-
rent collector 22, and a negative electrode active material
layer 24 formed on the negative electrode current collector
22. The separator 18 is disposed between the negative elec-
trode active material layer 24 and the positive electrode active
material layer 14.

The positive electrode active material layer 14 contains at
least a positive electrode active material and a conductive
auxiliary agent. Any material can be used as the positive
electrode active material as long as the material can interca-
late and deintercalate lithium ions, perform intercalation and
deintercalation of lithium ions, or perform reversible doping
and de-doping of lithium ions and counter anions of the
lithium ions (for example, PF;7). The positive electrode
active material of the positive electrode active material layer
14 includes a known electrode active material.

The positive electrode active material contains, for
example, lithium cobaltate (LiCoO,), lithium nickelate
(LiNiO,), or lithium manganese spinel (LiMn,O,). Alterna-
tively, the positive electrode active material contains, for
example, a composite metal oxide. The composite metal
oxide contained in the positive electrode active material is
represented by, for example, the general formula: LiNi, -
Co,Mn,M,0, (x+y+z+a=1, O=x=l, Os<y=<l, Os=z<l, and
O=a=<1, where M represents one or more clements selected
from Al, Mg, Nb, Ti, Cu, Zn, and Cr). Alternatively, further-
more, the positive electrode active material contains, for
example, a lithium vanadium compound (LiV,0;), Olivine
type LiMPO, (where M represents one or more elements
selected from Co, Ni, Mn, Fe, Mg, Nb, Ti, Al, and Zr, or VO),
or lithium titanate (Li,Ti5O,,).

The conductive auxiliary agent contains, for example, a
carbon material such as carbon blacks, a powder of metal such
as copper, nickel, stainless steel, or iron, a mixture of the
carbon material and the powder of metal, or a conductive
oxide such as ITO. The carbon material preferably contains
carbon with a tap density 0£'0.03 to 0.09 g/ml and carbon with
a tap density of 0.1 to 0.3 g/ml. The positive electrode active
material layer 14 may contain a binder that binds the active
material and the conductive auxiliary agent. The positive
electrode active material layer 14 is formed through a step of
applying a coating to the positive electrode current collector
12. Here, the coating includes the positive electrode active
material, the binder, a solvent, the conductive auxiliary agent,
and the like.

The negative electrode active material layer 24 contains at
least a negative electrode active material and a conductive
auxiliary agent. In a manner similar to the positive electrode
active material layer 14, the negative electrode active material
layer 24 is formed through a step of applying a coating includ-
ing the negative electrode active material and the like to the
negative electrode current collector 22.

The negative electrode active material according to this
embodiment (present negative electrode active material)
mainly contains silicon and silicon oxide. As silicon oxide,
for example, silicon monoxide (Si0), silicon dioxide (SiO,),
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or the like can be used. The negative electrode active material
may contain one kind of silicon oxide, or two or more kinds of
silicon oxides.

In this specification, the negative electrode active material
mainly containing silicon and silicon oxide means a negative
electrode active material in which the sum (mass ratio) of the
mass of silicon and the mass of silicon oxide is 90 mass % or
more with respect to the total mass of the negative electrode
active material. From the viewpoint of achieving higher theo-
retical capacity, the mass ratio is preferably 95 mass % or
more and more preferably 100 mass %.

The Ar-laser Raman spectrum of the mixture of silicon and
silicon oxide in the present negative electrode active material
includes the peak A corresponding to a wave number of
950+30 cm ' and the peak B corresponding to a wave number
of 480230 cm™'. The peak B represents amorphous silicon,
which does not change depending on the bonding state with
oxygen. The intensity ratio of the peak B to the peak A (B/A)
of'the present negative electrode active material is in the range
of'1 to 10. Furthermore, the spectrum preferably includes at
least one of a peak C corresponding to a wave number of
105030 cm™, a peak D corresponding to a wave number of
1100+30cm™" , and a peak E corresponding to a wave number
of 1170£30 cm ™.

The peaks A, C, D, and E correspond to the bonding
between silicon and oxygen cross-linking with silicon (re-
spectively corresponding to SiO, 8iO,, SiOj;, and SiO,). In
the present negative electrode active material, silicon and
oxygen cross-linking with silicon are bonded. This allows the
present negative electrode active material to have high
strength. Thus, in the electrode containing the present nega-
tive electrode active material, electric disconnection of a part
of the negative electrode active material due to the expansion
and shrinkage during charging and discharging can be sup-
pressed and the reduction of the amount of the negative elec-
trode active material in an active state can be suppressed.

The ratio B/A is preferably in the range of 1 to 10, and more
preferably from 3.5 to 5.9. When the ratio B/A is less than 1,
the rate characteristic tends to deteriorate. Also when the ratio
B/A is more than 10, the rate characteristic tends to deterio-
rate.

By controlling the ratio B/A, the strength of the negative
electrode active material can be maintained, and excessive
cross-linking between silicon and oxygen in the negative
electrode active material can be suppressed. Therefore, the
lithium ion secondary battery having sufficient diffusion
paths for lithium and sufficiently high discharge capacity at
high rate can be provided.

In the present negative electrode active material, it is pre-
ferred that the peak A have the highest intensity among the
peaks A, C, D, and E in the Ar-laser Raman spectrum.

The peak A represents bonding between silicon and one
oxygen atom cross-linking with silicon. The peak E repre-
sents bonding between silicon and the largest number of
oxygen atoms cross-linking with silicon. In other words, the
peak E represents bonding between silicon and oxygen atoms
forming a tetrahedron. When the active material has a number
of structures having a large number of bonds between silicon
and oxygen, the diffusion of lithium ions is suppressed. On
the other hand, the strength of the active material is low as
long as any structure having a number of cross-linked states
between silicon and oxygen, which is represented by any of
the peaks C, D, and E, is not present at all.

Even when a plurality of peaks in the Ar-laser Raman
spectrum are overlapped with one another, the peak corre-
sponding to a predetermined vibration mode can be specified.
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This specification is performed by, for example, performing
peak separation with the pseudo-voigt function.

A preferred manufacturing method for the present negative
electrode active material includes sintering a mixture of sili-
con and silicon oxide under an oxygen pressure of 5 atm to 15
atm at 300° C. to 500° C., crushing the sintered mixture with
a ball mill, and sintering the crushed mixture again under the
above conditions.

For allowing the present negative electrode active material
to have a desired peak in the Ar-laser Raman spectrum, the
production conditions such as the crushing condition of the
mixture of silicon and silicon oxide and the heat treatment
condition are adjusted as appropriate.

Thus, the amount of bonding between silicon and oxygen
can be controlled as appropriate. As a result, the present
negative electrode active material having sufficiently high
discharge capacity even at high rate can be produced.

The separator 18 may have an electrically insulating
porous structure. The material of the separator 18 includes,
for example, a single-layer body or a laminate including a
film of polyethylene, polypropylene, or polyolefin, an
extended film of a mixture including any of the above resins,
and a fiber nonwoven fabric including at least one constituent
selected from the group consisting of cellulose, polyester, and
polypropylene.

The electrolyte solution may be, for example, a nonaque-
ous solvent (organic solvent) in which a lithium salt is dis-
solved. Examples of the lithium salt include LiPF, LiCIO,,
LiBF,, LiAsF, LiCF;S0,, LiCF;, CF,SO;, LiC(CF;S0,);,
LiN(CF,S0,),, LiN(CF,CF,S0,),, LiN(CF,S0,)
(C,FS0,), LIN(CF;CF,CO),, and LiBOB. Any of these
salts may be used alone or in combination of two or more
kinds thereof.

Examples of the preferable organic solvent include propy-
lene carbonate, ethylene carbonate, diethyl carbonate, dim-
ethyl carbonate, and methyl ethyl carbonate. Any of these
may be used alone or in combination of two or more kinds
thereof in arbitrary proportion. The organic solvent prefer-
ably includes a mixture of cyclic carbonate and chain carbon-
ate. The organic solvent particularly preferably contains at
least ethylene carbonate and diethyl carbonate from the view-
point of the balance between discharge capacity and a cycle
characteristic.

EXAMPLES

Hereinafter, the present invention is described more spe-
cifically with reference to examples and comparative
examples. However, the present invention is not limited to the
examples below.

Example 1

A negative electrode active material according to Example
1 was produced according to the following procedure: Si and
SiO were mixed at a ratio of Si/Si0=1/2 (weight ratio). Then,
this mixture was crushed and mixed by a planetary ball mill,
the crushed mixture was sintered under an oxygen pressure of
10 atm at 400° C., the sintered mixture was crushed again
using a planetary ball mill, and the crushed mixture was
sintered again under the above conditions. In the crushing and
mixing, alumina beads of 3 mm in diameter were used as
media of the planetary ball mill, the number of rotations of the
planetary ball mill was set to 450 rmp, and the crushing and
mixing time was set to 60 minutes. Consequently, the present
negative electrode active material was obtained.
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A slurry for the negative electrode active material layer was
prepared by mixing 83 parts by mass of the negative electrode
active material, 2 parts by mass of acetylene black, 15 parts by
mass of polyamide-imide, and 82 parts by mass of N-meth-
ylpyrrolidone. This slurry was applied to the surface of a
14-um-thick copper foil so that the amount of coating of the
negative electrode active material was 2.0 mg/cm?, and then
dried at 100° C. to give a negative electrode active material
layer. Subsequently, the negative electrode (the copper foil to
which the slurry had been applied) was press-formed by roller
pressing, and heat treatment was performed thereon in
vacuum at 350° C. for three hours to give the negative elec-
trode in which the negative electrode active material layer had
a thickness of 18 um. A laminate was formed. The laminate
includes the negative electrode according to Example 1
manufactured as described above, a counter electrode (posi-
tive electrode) including a copper foil with a lithium metal
foil attached thereto, and the separator including the polyeth-
ylene porous film held between the electrodes was formed.
This laminate was placed in an aluminum laminated package.
Then, a LiPF, solution (solvent: ethylene carbonate/diethyl
carbonate=3/7 (volume ratio)) of a 1 M (1 mol/L)) in concen-
tration was injected as the electrolyte solution into this alu-
minum laminated package. Subsequently, the package was
sealed under vacuum. Consequently, a lithium ion secondary
battery according to Example 1 for evaluation was obtained.

Examples 2 to 13

Negative electrode active materials according to Examples
2 to 13 were obtained in a manner similar to Example 1 except
that the number of rotations of the planetary ball mill during
crush of the sintered mixture was set to those shown in Table
1 below. Moreover, negative electrodes and lithium ion sec-
ondary batteries for evaluation according to Examples 2 to 13
were produced in a manner similar to Example 1 using the
obtained negative electrode active materials.

Comparative Example 1

A negative electrode and a lithium ion secondary battery
for evaluation according to Comparative Example 1 were
produced in a manner similar to Example [ except that the ball
mill treatment and the heat treatment were not performed.

Comparative Example 2

A negative electrode and a lithium ion secondary battery
for evaluation according to Comparative Example 2 were
produced in a manner similar to Example 1 except that the
number of rotations of the ball mill was set to 1000 rpm.

The high-rate characteristic of the lithium ion secondary
batteries for evaluation according to the examples and com-
parative examples was evaluated. In this evaluation, a second-
ary battery charging/discharging testing device was used.
Each secondary battery was charged and discharged with the
voltage ranging from 0.005 V to 2.5 V at discharge rates
(current values) of 1 C and 5 C. Note that 1 C=1600 mAh/g.
Thus, the discharge capacity (discharge capacity retention) at
5 C relative to the discharge capacity at 1 C was measured.
The results are shown in Table 1.
<How to Calculate B/A>

With an Ar-laser Raman device manufactured by Horiba
Jobin Yvon, the Raman spectrum of each negative electrode
active material was measured. An Ar-ion laser with a wave-
length of 514.532 nm was used as a laser source. The peak
separation was performed on the obtained Raman spectrum
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with the pseudo-voigt function. Based on the intensity of the
peak A at 950 cm™" and the intensity of the peak B at 480
cm™’, the intensity ratio of the peak B to the peak A (B/A) was
calculated.

TABLE 1
number of oxygen sintering discharge
rotations of  pressure temperature retention

ball mill (rpm)  (atm) (“C) B/A (%)
Example 1 450 10 400 10.0 70
Example 2 500 10 400 7.3 72
Example 3 550 10 400 5.9 76
Example 4 600 10 400 5.0 78
Example 5 650 10 400 4.2 71
Example 6 700 10 400 3.5 76
Example 7 750 10 400 2.1 71
Example 8 800 10 400 1.3 70
Example 9 850 10 400 1.0 69
Example 10 500 5 400 7.5 71
Example 11 500 15 400 4.6 71
Example 12 500 10 300 7.8 71
Example 13 500 10 500 4.2 71
Comparative — — — 11.0 55
Example 1
Comparative 1000 10 400 0.6 54
Example 2

As Table 1 indicates, Examples 1 to 13 provided excellent
high-rate characteristics but Comparative Examples 1 and 2
failed to provide sufficient high-rate characteristics.

The foregoing detailed description has been presented for
the purposes of illustration and description. Many modifica-
tions and variations are possible in tight of the above teaching.
Itis not intended to be exhaustive or to limit the subject matter
described herein to the precise form disclosed. Although the
subject matter has been described in language specific to
structural features and/or methodological acts, it is to be
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understood that the subject matter defined in the appended
claims is not necessarily limited to the specific features or acts
described above. Rather, the specific features and acts
described above are disclosed as example forms of imple-
menting the claims appended hereto.

What is claimed is:

1. A negative electrode active material mainly comprising
silicon and silicon oxide, wherein:

when measured with an Ar-ion laser with a wavelength of

514.532 nm as a laser source, an Ar-laser Raman spec-
trum of the negative electrode active material includes a
peak A corresponding to 950 =30 cm™ and a peak B
corresponding to 480 +30cm™; and

an intensity ratio of the peak B to the peak A (B/A)isinthe

range of 1 to 10.

2. The negative electrode active material according to
claim 1, wherein a ratio of a sum of the mass of silicon and the
mass of silicon oxide to a total mass of the negative electrode
active material is 95 mass% or more.

3. The negative eclectrode active material according to
claim 1, wherein the Ar-laser Raman spectrum includes at
least one of a peak C corresponding to 1050 £30 cm™, a peak
D corresponding to 1100 30 cm™, and a peak E correspond-
ing to 1170 30 cm™.

4. The negative electrode active material according to
claim 3, wherein the peak A has the highest intensity among
the peaks A to E.

5. The negative electrode active material according to
claim 1, wherein the ratio B/A is in the range of 3.5 t0 5.9.

6. A negative electrode comprising a negative electrode
active material according to claim 1.

7. A lithium ion secondary battery comprising an electrode
according to claim 6.



